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We introduce novel, truly non-ionic hydrogen-bonded layer-by-layer (LbL) coatings for 
cell surface engineering capable of long-term support of cell function. Utilizing the LbL 
technique imparts the ability to tailor membrane permeability, which is of particular 
importance for encapsulation of living cells as cell viability critically depends on the 
diffusion of nutrients through the artificial polymer membrane. Ultrathin, permeable 
polymer membranes are constructed on living cells without a cationic pre-layer, which is 
usually employed to increase the stability of LbL coatings.  In the absence of the 
cytotoxic PEI pre-layer utilized in traditional LbL shells, viability of encapsulated cells 
drastically increases to 94%, as compared to 20-50% in electrostatically-bonded shells. 
Engineering surfaces of living cells with natural or synthetic compounds can mediate 
intercellular communication, render the cells less sensitive to environmental changes, and 
provide a protective barrier from hostile agents. Surface engineered cells show great 
potential for biomedical applications, including biomimetics, biosensing, enhancing 
biocompatibility of implantable materials, and may represent an important step toward 
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Motivations for engineering nanomaterials for cell encapsulation include protecting 
the cell through the use of semi-permeable membranes with tunable permeability while 
maintaining cell function by using materials which are non-toxic and do not limit the 
transport of nutrients. Cells enclosed in artificial membranes can be easily incorporated into 
artificial scaffolds used for engineering tissues or other parts of the body. Additionally, 
artificial membranes around cells can serve as a nurturing environment in which the 
encapsulated cells would essentially lie dormant until placed into appropriate “reviving” 
media with their function and viability restored.  
Next, we will review methods of cell encapsulation, their benefits and drawbacks, 
and introduce our method and discuss its advantages. 
Methods of Cell Encapsulation 
Bulk Hydrogels 
Hydrogels are a well-known and widely used method of cell encapsulation. They 
are of interest in biomaterials research because their watery structure provides a tissue-
like environment for cells and promotes transport, enabling long-term survival of cells. 
The viscoelastic nature of hydrogels brings about some advantages: an injectable matrix 
can be implanted in the human body with minimal surgical wounds, and bioactive 
molecules or cells can be incorporated simply by mixing before injection.7 A schematic 
of the typical hydrogel formation process is shown in Fig. 2. Thermosensitive hydrogels 
are especially attractive as specific injectable biomaterials due to their spontaneous 
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used because the wide variety of membrane proteins to which polymers can be covalently 
bonded means the method can be applied to many different cell types.14 However, the 
strength and stability usually imparted by covalent bonding is not present here; coatings 
are not stable and polymers dissociate from the cell surface over time.12,13 Additionally, 
the presence of these thick synthetic materials can adversely affect cell function by 
hindering the diffusion of nutrients.14 
Shells via Hydrophobic Interactions with Amphiphilic Polymers 
Cell surface modification using polyethylene glycol (PEG) and polyvinyl alcohol 
(PVA) conjugated amphiphilic polymers has been achieved by spontaneously anchoring 
the hydrophobic alkyl chains into the lipid bilayer of cell membranes.11,14-16 This 
spontaneous anchoring can be achieved by simply incubating the amphiphilic polymers 
in the cell suspension. The hydrophobic chains will embed themselves into the cell 
membrane to escape the aqueous environment. Despite being incorporated into the cell 
membrane, amphiphilic polymers do not remain attached to the cell surface and 
dissociate into the surrounding medium. 
Shells via Electrostatic Interactions 
The innate negative charge on the cell surface is exploited in methods using 
electrostatic interactions. Cationic polymers interact with the cell surface, which is 
further modified using the layer-by-layer (LbL) technique.11,17 Typically, a cationic pre-
layer is deposited onto the cell surface. Next, anionic and cationic polymers are 
alternately adsorbed onto the surface until the desired number of bilayers (i.e. thickness) 
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electrostatic contributions to the adsorption energy.39-41 This allows the use of PEI as an 
almost universal priming layer that eliminates many of the uncertainties associated with a 
poorly defined surface charge. However, the cytotoxicity of PEI has a negative effect on 
cell function.42 Consequently, an encapsulation method that would increase cell viability 
without sacrificing the desired diffusion properties and mechanical stability of the shells 
achieved previously would be valuable. 
Therefore, we introduce novel, truly non-ionic hydrogen-bonded LbL coatings for 
cell surface engineering capable of long-term support of cell function. In this study, we 
show that ultrathin, permeable polymer membranes can be constructed on living cells 
without a cationic pre-layer.  In the absence of the cytotoxic PEI pre-layer, viability of 
encapsulated cells climbs to 94%. The membranes display vastly improved diffusion 
properties and their mechanical properties allow cells to grow and divide through 
membrane rupture. 
Electrostatic vs. PEI Hydrogen-Bonded Shell Performance 
Cell Viability 
To show that the presence of ionic components was responsible for LbL shell 
cytotoxicity, comparative studies were conducted between hydrogen-bonded and ionic 
LbL shells.31 Unlike the PAH/PSS shells, hydrogen-bonded shells exerted much lower, 
5%, cytotoxicity with subsequent bilayers assembled. The initial decrease in cell viability 
in the case of PEI(TA/PVPON) shells can be attributed to the PEI pre-layer. Assembly of 
3- and 4-bilayer PEI(TA/PVPON) LbL shells maintained high viability up to 79% in 
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CHAPTER 2 
GOALS & OBJECTIVES 
 
 
The goal of the study is to develop truly non-ionic hydrogen-bonded polymer 
shells in order to increase the viability of encapsulated cells. Though hydrogen-bonded 
shells which utilize a cationic pre-layer are stable and result in better cell viability than 
other methods of encapsulation, these pre-layers, specifically PEI, are cytotoxic to cells. 
Therefore, we expect construction of these shells in the absence of a cationic pre-layer 
will increase cell viability. 
We will address whether hydrogen-bonded shells can, in fact, be constructed in 
the absence of a pre-layer, and whether this can be done without compromising shell 
stability. Additionally, we will explore whether these truly non-ionic hydrogen-bonded 
shells show greatly improved cell viability, and why or why not this effect is seen. We 
believe changes in cell viability may be related to the rate of diffusion through the shells 
and the thickness of the shells. 
In developing these polymer shells, we seek to characterize their morphology, 
including surface topography, effect on cell viability, and the ability of small molecules 
to diffuse through the shell. 
This study will facilitate understanding the fundamentals of interfacial 
organization and interactions of responsive synthetic macromolecular nanomaterials at 
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All solutions were filter-sterilized with polystyrene nonpyrogenic membrane systems 
(0.22 mm pore size) (Corning filter system) before applying to the cells. When hollow 
shells of (TA/PVPON) were needed for diffusion experiments, the hydrogen-bonded 
multilayers were assembled onto silica particles in the same manner described above.35 
Atomic Force Microscopy (AFM) 
AFM was used to study the morphology of coated cell surfaces. We perform these 
measurements to visualize the initial roughness (signifying polymer adhesion) and 
subsequent smoothing of cell surfaces (signifying uniform coverage). AFM images were 
collected using a Dimension-3000 (Digital Instruments) microscope in the “light” tapping 
mode according to the well-established procedure.43 
ζ-potential 
Independent measurements of ζ-potentials on encapsulated yeast cells after 
deposition of each layer were performed on Zetasizer Nano-ZS equipment (Malvern). 
Yeast cells were collected at mid-log phase (OD = 0.6–0.8), washed three times in a 
solution of 0.01 M phosphate buffer and 0.1 M NaCl at pH 6.0 before depositing 
subsequent layers of TA and PVPON (Mw = 360 kDa). After deposition and washing, 
100 mL of encapsulated cells were combined with 900 mL of deionized Nanopure water 
to obtain 1 mL of solution to perform ζ-potential measurements. Each value was acquired 
by averaging three independent measurements of 40 sub-runs each. 
Confocal Laser Scanning Microscopy (CLSM) 
Confocal images of encapsulated and non-encapsulated yeast cells were obtained 
with an LSM 510 NLO META inverted confocal microscope equipped with 63 x 1.4 oil 
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immersion objective lens (Zeiss, Germany). Before imaging, cells were washed three 
times in deionized water to reduce background auto-fluorescence from the SMM 
medium. Coated or uncoated yeast cells were seeded in Lab-Tek chamber glasses 
(Electron Microscopy Sciences) for half an hour before imaging. The 488 nm excitation 
from the Argon ion laser and 514 nm emission wavelengths were used for yEGFP 
visualization, whereas 543 nm excitation (He–Ne laser) and 565 nm emission were used 
to visualize fluorescently labeled polymer shells surrounding yeast cells. 
Resazurin Assay 
Cell viability was measured using resazurin assay. Control (non-treated) and 
encapsulated cells were re-suspended in 1 mL of media. 100 mL of resazurin (7-hydroxy-
3H-phenoxazin-3-one 10-oxide) solution was added to cell cultures. The mixtures were 
incubated at 30 ºC for 2 hours. Fluorescence was measured at λ = 590 nm (λEx = 560 nm). 
Fluorescence Recovery After Photobleaching (FRAP) 
Experiments on permeability were performed using CLSM44 and the fluorescence 
recovery after photobleaching (FRAP) method. The basic principle of FRAP is illustrated 
in Fig. 11. Hollow capsules of hydrogen-bonded TA/PVPON with 4, 5 and 6 bilayers 
were prepared as described elsewhere.33 100 mL of hollow capsules solution was 
combined with 200 mL of 1 mg mL-1 fluorescein isothiocyanate (FITC) solution (pH = 6) 
and allowed to settle down in a Lab-Tek chamber glass cell for three hours. Laser beam 
(488 nm) was focused within a region of interest (ROI) inside a capsule, and pulsed at 
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recovery was considered complete when the intensity of the photobleached region 
stabilized. The quantitative analysis was performed using ImageJ software, and curve-
fitting was conducted in Origin. The recovery curve of the fluorescence intensity, I(t), as 
a function of time, t, was fit by: 
       I = I0(1 – e-At)    (1) 
where I and I0 are the equilibrium and initial fluorescence intensities, respectively. The 
coefficient A is related to the diffusion coefficient, D, according to:  
A = 3D/rh    (2) 
for FITC diffusion through a spherical wall with radius r and thickness h. In the solution, 
eqn (1) obeys Fick’s law and can be written as: 
     dc/dt = -A(c - c0)     (3) 
where c and c0 are the concentrations inside and outside the capsules, respectively, and c 
≈ I. A typical fit of the recovery curve was obtained using eqn (1) and the coefficient A 









































































Tannic acid (TA) (Mw = 1700 Da), poly(N-vinylpyrrolidone) (Mw = 360 000 Da 
and Mw = 1 300 000 Da) (PVPON), mono- and dibasic sodium phosphate, galactose, and 
glucose were purchased from Sigma-Aldrich. Alexa Fluor 532 carboxylic acid 
succinimidyl ester fluorescent dye was purchased from Invitrogen. Ultrapure (Nanopure 
system) filtered water with a resistivity of 18.2 MΩ cm was used for experiments.  
The S. cerevisiae YPH501 diploid yeast strains expressing yEGFP (yeast 
enhanced green fluorescence protein) were used for this study. Cells were cultured in 
synthetic minimal medium (SMM) supplemented with appropriate dropout solution and 
sugar source, 2% glucose. Yeast cells were grown at 30 ºC in a shaker incubator (New 
Brunswick Scientific) with 225 rpm to bring them to an early exponential phase.52 
Evaluation 
Polymer shells were constructed around S. cerevisiae cells using LbL, as 
described in the methods section. Hydrogen bonding between the hydroxyl groups of TA 
and the carbonyl groups of PVPON preserve cell integrity and functioning under 
deposition conditions.33,49,50,51 The successful formation of shells around cells was 
confirmed by confocal microscopy. Alexa Fluor 532-labeled PVPON was used to 
validate the presence of polymer shells. Homogeneous fluorescence from Alexa Fluor 
532-fluorescently tagged PVPON, which confirms formation of the polymer membrane, 























































transmitted mode. By overlapping images from both florescent and transmitted modes 
(Fig. 13c), one can confirm that all the cells visible in the selected area have been coated. 
We perform AFM measurements to visualize the surface morphology of coated 
cell surfaces and evaluate the initial microroughness and subsequent smoothing of cell 
surfaces. AFM topographical images show overall shape and dimensions of cells as well 
as fine surface features for (a) bare, single bilayer with polymer concentrations of (b) 0.5 
mg/mL and (d) 2 mg/mL, and two bilayers with concentrations of (c) 0.5 mg/mL and (e) 
2 mg/mL. Average root mean square (RMS) roughness was taken from a 100nm square 
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TA/PVPON bilayers (Fig. 14c and 14e) by approximately 22% (from 4.64 ± 2.74 nm to 
3.47 ± 1.32 nm), and decreases significantly with an increase in polymer concentration 
(Fig. 14d and 14e) by approximately 52% (from 7.59 ± 2.84 nm to 3.47 ± 1.32 nm).  In 
effect, the more material adsorbed onto the shell, the lower the roughness. 3D renderings 
of these coated cells are shown in Fig. 15a-e, and correspond with the sample 
designations in Fig. 14a-e. RMS roughness as measured by AFM is shown in Fig. 16. 
Initial microroughness of 4 nm for bare cell surface increases to 9 nm for one bilayer but 
decreases to 3.5 nm for two bilayers deposited from higher concentration solution.  The 
resulting smoothed surface is evidence of uniform, conformal and homogeneous LbL 
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The absence of cationic pre-layer during LbL assembly caused little change in the 
surface charge of the cells in contrast to previous studies with PEI pre-layer (Fig. 17). ζ 
potential remains the nearly constant (around -50 mV) and varies very little after 
deposition of each layer thus confirming that hydrogen bonded assembly does not change 
initial potential.  It is worth noting that maintaining a constant, high ζ-potential on cell 
surfaces results in good cell suspension stability and prevents severe aggregation which 
























Figure 17: ζ-potential of encapsulated yeast cells at pH 6 
 
Encapsulated Cell Viability & Growth 
Procedure 
Encapsulated cells were incubated in 2% raffinose and 2% galactose in SMM 
yeast media at 30 ºC to induce the yEGFP production. Optical density at 600 nm 
(OD600) and fluorescence were measured at indicated time points to assess cell growth. 
Evaluation 
The viability of encapsulated cells was assessed with the resazurin assay.55 
Bioreduction of resazurin is achieved by reducing enzyme cofactors in viable cells and 
results in the conversion of resazurin’s oxidized blue form to its pink fluorescent 
intermediate, resorufin.56 The absence of such cofactors in dead cells leads to no 










Cells coated with (TA/PVPON) layers showed viability exceeding that of 
PEI(TA/PVPON)-coated cells when comparing a number of variables. Fig. 18 shows 
viability of cells encapsulated with and without PEI, with different molecular weights of 
PVPON (360 kDa or 1 300 kDa), and with different numbers of TA/PVPON bilayers 




Figure 18: Comparison of encapsulated yeast cell viability (%) for cells encapsulated with 
and without PEI as measured by resazurin assay.  
 
 
When comparing viability of cells encapsulated with and without PEI pre-layer, 
those without PEI outperform those with PEI in all cases: for two and four bilayer shells 
and different molecular weights of PVPON component.  The highest viability was 
recorded for cells encapsulated with two bilayer shells with the highest molecular weight 
of PVPON component, reaching 94% vs those with PEI pre-layer with only 42% (Fig. 
18).  For four bilayer shells, the viability slightly decreased to 85% but still remains much 
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Figure 21: Comparison of diffusion coefficient of cells encapsulated with (PAH/PSS), 




Figure 22: Thickness of collapsed hollow capsules as determined via AFM height measurements. 
 
The higher thickness of shells constructed using PEI would lead one to assume 
that the rate of diffusion through these shells would be lower than those constructed 
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incorporated GFP reporters. GFP expression is determined by normalizing fluorescence 
of expressed GFP to cell density as measured by optical density (OD600). Fig. 24 shows 
the fluorescence intensity of cells incubated with and without galactose. Those without 
galactose do not express GFP. 
 
Figure 24: GFP expression of cells encapsulated with and without galactose 
 
 
The characteristic S-shaped growth curves of control cells, PEI(TA/PVPON)-
coated cells, and (TA/PVPON)-coated cells are shown in Fig. 24. To monitor cell growth, 
we measure optical density (OD600) of cell suspensions. During the initial lag phase, cell 
division (growth rate) is slow in all cases. This stage is followed by the exponential 
growth mode, where cell division accelerates and a unicellular organism duplicates, i.e., 
one cell produces two in a given period of time. The exponential phase then proceeds to a 
stationary phase when there is no discernible change in cell concentration.  
As shown in our previous studies, there is a delay of the exponential phase for the 































thickness of the polymer coating (Fig. 25a). In contrast, no delay in cell growth is shown 
for (TA/PVPON)-coated cells, no matter the thickness of the coating (Fig. 25b). 
Similarly, GFP expression is delayed in cells encapsulated with PEI, and there is no delay 
in expression for cell encapsulated without PEI (Fig. 26). 
 
 
Figure 25: Characteristic s-shaped cell growth as measured by OD600. (a) Cells 
encapsulated with cationic precursor PEI show delayed entrance into exponential phase, 



















































Figure 26: GFP expression of cells encapsulated with and without PEI 
 
 
We expected to see the opposite result here due to the higher diffusion coefficient 
of shells constructed with PEI. The explanation for this apparent contradiction lies in the 
mechanical stability of the polymer shells. Cells encapsulated in PEI(TA/PVPON) 
actually begin to divide within the polymer shell. Their loose, grainy morphology allows 
for stretching, and thus can accommodate a budding cell. When the daughter cell is large 
enough, the polymer shell is ruptured. Thicker shells (more bilayers) take longer for cells 
to break through, and consequently delay the growth curve of PEI(TA/PVPON)-coated 
cells. In contrast, dense, tightly packed (TA/PVPON) shells are easily ruptured by 

































Herein we discuss the benefits of hydrogen-bonded LbL shells as compared to 
electrostatically-bonded LbL shells and to other methods of encapsulation. 
Electrostatically-bonded LbL components demonstrate extreme cytotoxicity and limit 
diffusion of nutrients into the cell. We report on an improved strategy for cell surface 
modification through LbL assembly of truly non-ionic nanoscale hydrogen-bonded shells. 
The elimination of the polycation PEI as a pre-layer allows encapsulated cells to maintain a 
high viability (94%) as compared to cells encapsulated with the cationic pre-layer (74%). 
This high cytocompatibility is a result of the cells having no exposure to the cytotoxic 
polycations once presumed necessary for shell construction, and from the high permeability 
of the shells. Their permeability allows for easy penetration of nutrients to the cell interior. 
Additionally, the mechanical stability of the non-ionic shells is such that the shell shape is 
maintained, but can be ruptured by dividing cells.  
A potential next step in this area of research is to verify that these truly non-ionic 
LbL shells do indeed possess tunable permeability by measuring changes in the diffusion 
coefficient with pH variation. Evaluating the cell storage capability of the shells by 
monitoring how long encapsulated cells remain viable will also be beneficial. It is likely 
that these truly non-ionic shells will not display the same storage properties as shells 
utilizing the PEI pre-layer, since the mechanical stability of the former allows for easy 
rupture by dividing cells. 
This research contributes to the fields of materials and polymer science by 
communicating new knowledge about physical and chemical mechanisms to 
 37
functionalize cell membranes. These methods for molecular design of materials can serve 
as the building blocks for assembling responsive artificial cell membranes, which then 
facilitate an understanding of responsive cell membranes’ potential capabilities in 
polymer-based regulation of cell viability and role in easing cell integration into synthetic 
functional matrices. This research is applicable to designing polymer-based cell coatings 
which aid in the protection, prolonged storage, and controlled delivery of cells. It is also a 
step toward development of robust engineered synthetic cell systems. The fields of 
biomedical and biosensing sciences stand to benefit from living cell surface engineering 
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